Background:
One evolving approach to improved prognostication of cancer patients is the identification of previously occult disease by use of quantitative reverse transcription-PCR. Surprisingly, no systematic analysis of potential mRNA markers for colorectal cancer has been reported. We therefore performed an extensive mRNA marker survey for colorectal cancers. Methods: We identified potential markers through literature and database searches. We analyzed all markers by quantitative reverse transcription-PCR on a limited set of primary tumors and benign lymph nodes. Selected markers were further evaluated on a larger tissue set with positive lymph nodes. Results: We evaluated 43 markers and undertook further analysis of 6 in the secondary screening. Five gene markers-CDX1, carcinoembryonic antigen (CEA), CK20, TACSTD1, and Villin1 (VIL1)-provided perfect classification of lymph node status. Conclusions: Several mRNA markers are capable of providing exceptionally accurate characterization of lymph node status in colorectal cancer. An automated, multimarker, quantitative reverse transcription-PCR assay for characterization of lymph nodes from colorectal cancer patients may be useful for improved staging and therapeutic decision making in colorectal cancer.
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A critical component of improving the treatment of patients with colorectal cancer (CRC) and other cancers is improving our ability to accurately predict an individual patient's prognosis. The presence of metastasis to regional lymph nodes (LNs) provides the most prognostically significant information for adenocarcinomas and drives treatment decisions. There is now conclusive data for most cancers that improved LN analysis through increased sampling (multiple cross-sections) and sensitivity [immunohistochemistry (IHC)] identifies previously occult metastases (1) (2) (3) (4) (5) . Similarly, in CRC, a sizeable percentage of patients who would be staged as node-negative by standard histologic analysis have occult LN disease that may be clinically significant (6 -8 ) .
Most published reports have used sentinel LN localization techniques and IHC to visually detect occult disease. Others have used reverse transcription (RT)-PCR to detect carcinoembryonic antigen (CEA) mRNA as a marker of occult disease (1, 9 ) . Interestingly, studies using RT-PCR in colon cancer occult disease detection have consistently suggested that occult disease identified by this technique is clinically significant (1, 9 ) , whereas studies using IHC have led to conflicting results and controversial conclusions (10, 11 ) . These controversies have contributed to the failure of acceptance, even in academic settings, of sentinel LN biopsy and/or serial section analysis of LN, including IHC analysis for CRC. The lack of standardized sample preparation procedures and the labor-intensive nature of the analysis have also contributed.
We have previously reported the identification of LN metastases in other solid-organ tumors, using internally controlled, quantitative RT-PCR (QRT-PCR) assays to provide sensitive, objective, molecular staging of LNs (2, (12) (13) (14) . Importantly, we recently demonstrated that this approach can be fully automated, including sample preparation (15 ) . These studies have consistently demonstrated that the success of this approach depends on the quality of disease-specific mRNA markers. Surprisingly, no systematic analysis of potential mRNA markers for CRC has been reported. We therefore performed an extensive mRNA marker survey for CRCs. We report several new markers capable of producing highly accurate QRT-PCR analysis of LNs from a CRC patient.
We conducted an extensive literature and public database survey to identify any potential markers relevant to CRC, followed by 2 phases of screening with QRT-PCR. All potential markers entered the primary screening phase, and expression was analyzed in 6 primary colon tumors and in 10 benign LNs obtained from patients without cancer. Markers that showed good characteristics for LN metastasis detection (i.e., high expression in primary tumors and low expression in benign LNs) passed into the secondary screening phase. The secondary screen consisted of expression analysis on 28 primary tumors, 12 histologically positive LNs, and 21 benign LNs from 21 patients without cancer (see Table 1 in the Data Supplement that accompanies the online version of this Technical Brief at www.clinchem.org/content/vol52/issue3). All tumors and positive LN samples were from different patients. Primary tumor and benign LN specimens were obtained from tissue banks at the University of Pittsburgh Medical Center through protocols approved by the Institutional Review Board. Positive LNs from patients with colon cancer were purchased from Ardais. We performed all quantitative PCRs on the ABI Prism 7700 Sequence Detection Instrument (Applied Biosystems). Relative expression of the marker genes was calculated by use of previously described delta-C T methods (16 ) and with ␤-glucuronidase (GUS) as the endogenous control gene. The details of RNA preparation, reverse transcription, and quantitative PCR have been described in previous reports (17, 18 ) . Primers and probes were designed with use of the ABI Primer Express software (Ver. 2.0), and where possible, amplicons spanned exon junctions to provide cDNA specificity. In addition, all primer pairs were tested empirically for amplification from 100 ng of genomic DNA, and primers were redesigned when necessary. With the exception of CK19, cDNA-specific primer sets were successfully identified for all genes in this study. The sequences of primers and probes (purchased from IDT) for genes evaluated in the secondary screen are listed in Table 1 .
Our literature and database surveys identified a total of 43 genes for evaluation in the primary tumor marker screen. All of these genes were analyzed for expression in 6 primary colon tumors and in 10 benign LNs. By calculating median expression in the tumors and lowest tumor/highest benign node and median tumor/highest benign node ratios, we selected 6 genes that we judged to have expression characteristics suitable for detection of LN metastases (see Table 2 in the online Data Supplement). Five of these genes-CDX1, CEA, CK19, TACSTD1, and Villin1 (VIL1)-have median tumor/highest benign node ratios Ͼ300 and therefore have the potential to detect small foci of tumor while still differentiating negative nodes. In addition, we selected CK20 based on the Clinical Chemistry 52, No. 3, 2006 finding that it was moderately expressed in tumors but undetectable in benign nodes. The relative expression profiles of the markers selected for the secondary screen are shown in Fig. 1 . As the data indicate, all markers are expressed in positive LNs as well as in primary tumors, indicating that metastatic tumor cells continue to express these genes. Of the 6 markers analyzed, all except CK19 provided perfect classification of positive and benign LNs with 100% sensitivity and 100% specificity. CK19 had poor sensitivity (83.3%) because of relatively high background in benign LNs (Table  1) . Although our primer design for CK19 does not avoid the known CK19 pseudogenes, all samples were DNasetreated, and "no-reverse transcriptase" controls were consistently negative, indicating that the background expression observed was not a result of contaminating DNA. On the basis of expression results in positive nodes and distribution of expression in benign nodes, TACSTD1 expression was, at a minimum, 595-fold higher in positive nodes than the highest expression in benign nodes. Expression of the existing markers, CEA and CK20, was 474-and 48-fold higher, respectively, in positive nodes than in benign nodes. Expression of CDX1 and VIL1 was relatively low in positive nodes compared with other markers, but the expression rates were 96-and 29-fold higher, respectively, than in benign nodes.
Despite promising data from the literature or gene expression databases, we found that the expression characteristics of most of the 43 marker genes evaluated in the primary screen were not suitable for use in CRC. Most had either very low or infrequent expression in the neoplasms, or they had relatively high expression in healthy or benign LNs. We were, however, able to identify 6 markers that we believed had good potential for identification of CRC in LNs. These markers (CEA, CK19, CDX1, CK20, TACSTD1, and VIL1) are mostly epithelialcell related markers that have absent or low expression in healthy LNs. TACSDT1, CDX1, and VIL1 have not been reported previously for use in detection of CRC metastases in LNs.
TACSTD1, also known as EPCAM, KS1/4, GA-733-2, and MIC-18, is a human cell surface antigen that is detected by the monoclonal antibodies AUAI and BerEp4, and it has been used in several studies to detect LN micrometastases in a variety of tumor types via both IHC and RT-PCR (19 -21 ) . Although TACSTD1 was expressed at easily detectable concentrations in all positive LNs in our study, it was very highly and consistently expressed in CRC samples. As with CEA, high expression of TACSTD1 in tumors facilitates the identification of even small amounts of metastatic tumor in LNs when a quantitative assay is used.
CDX1 is a member of the caudal-type homeobox family of genes. These are cognates of the caudal gene in Drosophila, which is required for anterior-posterior regional identity. Homologous genes have been found in the mouse, rat, chicken, and Xenopus. Bonner et al. (22 ) isolated the human CDX1 gene from a small-intestine cDNA library, using a murine CDX1 cDNA probe. Later, Northern analysis indicated that expression of CDX1 in adults is limited to the intestine and colon. As such, CDX1 appeared to be a good potential marker for CRC. Our screening results showed that expression of CDX1 is at least 96-fold higher in positive nodes than in benign nodes. When combined with other markers, CDX1 is likely to provide a good assay to detect colon tumor cells in LNs.
Finally, Villin1 (VIL1) is a major structural component of the brush border cytoskeleton. It is a calcium-regulated, actin-binding protein that is specifically expressed in simple epithelia of some tissues of the gastrointestinal and urogenital tracts. Because CRC arises from a columnar epithelium, the finding that VIL1 is a potentially useful marker for this disease is not surprising.
In summary, the current TNM staging system for CRC is flawed, and one approach to improved prognostication is the identification of previously occult disease through techniques such as sentinel LN mapping, IHC, and RT-PCR. We have identified several new mRNA markers that are capable of providing exceptionally accurate character- ization of LN status in CRC. An automated, multimarker QRT-PCR assay for characterization of LNs from CRC patients could be very useful for improved staging and treatment decision-making in CRC.
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